Autophagy is the process by which organelles and portions of the cytoplasm are degraded in lysosomes. Several different forms of autophagy are known that are distinguishable chiefly by the mode in which cargo is delivered to the lysosome for degradation. Ubiquilin was recently reported to regulate macroautophagy, the form of autophagy in which cytosolic cargo is packaged in a double-membrane structure or autophagosome that fuses with lysosomes for degradation. We confirm here using different morphological and biochemical procedures that ubiquilin is present in autophagosomes in HeLa cells and in brain and liver tissue of mouse. Coimmunoprecipitation studies indicated that ubiquilin binds the autophagosome marker LC3 in a complex and that reduction of ubiquilin expression reduces autophagosome formation, which correlates with a reduction in maturation of LC3-I to the LC3-II form of the protein. We found that ubiquilin is degraded during both macroautophagy and during chaperone-mediated autophagy (CMA), the latter of which involves the active transport of proteins into lysosomes. We discuss the implication of this degradation in mediating cross-talk between macroautophagy and CMA. Finally, we demonstrate that ubiquilin protects cells against starvation-induced cell death propagated by overexpression of mutant Alzheimer's disease PS2N141I protein and green fluorescent protein (GFP)-huntingtin exon-1 fusion protein containing 74 polyglutamines.
INTRODUCTION
Ubiquilin is present in all eukaryotes and appears to function in protein degradation pathways (1 -3) . Humans contain four ubiquilin genes, each encoding a separate protein. The proteins are approximately 600 amino acids in length and share extensive homology with each other over their entire sequence. They are characterized by containing an N-terminal sequence that is very similar to ubiquitin, called the ubiquitin-like domain (UBL), followed by a longer more variable central domain containing several heat shock chaperonin-binding motifs (STI1 repeats), and terminate with a conserved 50 amino acid sequence called a ubiquitin-associated domain (UBA). This structural organization is characteristic of proteins that function to deliver ubiquitinated proteins to the proteasome for degradation (4, 5) .
Indeed, studies of ubiquilin protein have shown that its UBL domain binds subunits of the proteasome and its UBA domain binds polyubiquitin chains (6) (7) (8) . Moreover, recent studies have shown that ubiquilin regulates ER-associated protein degradation (ERAD), the pathway by which misfolded proteins are dislocated from the ER to the cytoplasm for degradation by proteasomes (9, 10) . Apart from this function, ubiquilin has also been linked to macroautophagy, an alternative degradation pathway by which cellular cargos are sequestered in double membrane structures called autophagosomes, which subsequently fuse with lysosomes that harbor the acid hydrolases involved in protein degradation (11) (12) (13) . Early suspicions that ubiquilin might be involved in macroautophagy was the discovery that ubiquilin binds mTOR (mammalian target of rapamycin) kinase (14) , a key negative regulator of macroautophagy (15) . However, the authors of that study did not find any evidence * To whom correspondence should be addressed. Tel: +1 4107068132; Fax: +1 4107068184; Email: monteiro@umaryland.edu # The Author 2010. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org that mTOR activity was altered by ubiquilin overexpression. Recently, more convincing evidence linking ubiquilin to autophagy was obtained by the demonstration that ubiquilin colocalizes with the autophagosome marker LC3 and that knockdown of ubiquilin-1 reduces, and overexpression of ubiquilin enhances, starvation-induced macroautophagy and its protective effect against cell death (16) . In this work, we have confirmed the involvement of ubiquilin in macroautophagy by showing that the protein localizes and copurifies with autophagosomes in HeLa cells and mouse tissue samples, respectively. We further demonstrate that ubiquilin binds the autophagosomal protein component LC3 in a complex and show that silencing of ubiquilin expression leads to a reduction in autophagosome formation that correlates with a defect in maturation of LC3-I to LC3-II. Interestingly, we found that ubiquilin is degraded during both macroautophagy and by chaperone-mediated autophagy (CMA), which is a different form of autophagy (17) . Finally, we demonstrate that ubiquilin functions in cytoprotection against mutant presenilin and huntingtin proteins.
RESULTS

Evidence that ubiquilin binds LC3 in a complex
Our immunofluorescence localization studies revealed that endogenous ubiquilin protein is present in both the cytoplasm and nucleus of cells (2) . A striking feature of the localization was the enrichment of the protein in puncta of variable size and number (2, 14) . We used double immunofluorescence staining to identify the nature of the ubiquilin-containing puncta. Of the different antibodies specific for proteins in different organelles tested (autophagosomes, endosomes, perixosomes, mitochondria), only antibodies against LC3, a well-established marker of autophagosomes, decorated the ubiquilin-containing puncta (Fig. 1Aa -c and data not shown). To ensure that the colocalization was not an artifact of the staining procedure, we cotransfected cells with cDNAs encoding ubiquilin-1 or LC3 proteins that had been tagged with either GFP or monomeric red fluorescent protein (mRFP) and examined the cells to see whether the two fluorescent proteins were colocalized. As shown in Figure 1Ad -i, cells cotransfected with the two constructs contained puncta that exhibited both red and green fluorescence, even after the tags were switched. These puncta were not seen in cells coexpressing unfused GFP and mRFP proteins, as expected (data not shown).
We next examined whether ubiquilin is present during maturation of autophagosomes to autolysosomes during macroautophagy. To do so, we utilized the tandem-tagged pH sensitive mCherry-GFP-LC3 autophagosome reporter construct to follow maturation of autophagosomes to autolysosomes (18) . As shown previously, fluorescence of both the mCherry and GFP moieties in the tandem tagged LC3 protein is visible in autophagosomes, whereas the acidic-rich environment of autolysosomes destroys that of GFP fluorescence, but does not affect mCherry fluorescence, which remains stable (18) . As shown in Figure 1B , autophagosomes were clearly distinguishable with this reporter by colocalization of the mCherry and GFP fluorescence in a subset of the puncta. Autolysosomes were also clearly distinguishable as puncta that contained mCherry, but not GFP fluorescence. Counterstaining of the transfected cells with an anti-ubiquilin-specific antibody revealed the presence of endogenous ubiquilin protein in both autophagosomes and autolysosomes, indicating that ubiquilin is present in both early and late organelles involved in macroautophagy. Interestingly, we detected occasional puncta of similar size to autophagosomes that stained for ubiquilin but which neither exhibited any GFP or mCherry fluorescence despite being clearly transfected with the GFP-mCherry-reporter construct, the identity of which is not known (Fig. 1B, yellow arrow) .
We next used coimmunoprecipitation assays to determine whether ubiquilin and LC3 are bound together in a complex in cells. As shown in Figure 2A , immunoprecipitates prepared from HeLa cells with a ubiquilin-specific antibody contained LC3-I and -II isoforms. The specificity of this immunoprecipitation is evident from the failure to detect ubiquilin and LC3 proteins in parallel immunoprecipitates made with the preimmune serum. However, for unknown reasons, we were unable to detect coimmunoprecipitation of ubiquilin by the reverse immunoprecipitation. We postulated that this might have arisen from obstruction of the epitope recognized by our LC3 antibody by ubiquilin binding. Accordingly, we transfected HeLa cells with either GFP-LC3 or GFP expression constructs and examined GFP immunoprecipitates from the cells for ubiquilin presence. As shown in Figure 2B , detectable amounts of ubiquilin were coimmunoprecipitated from cells transfected with GFP-LC3, but not from the cells transfected with GFP alone. This interaction was substantiated by overexpression of ubiquilin, which led to increased coimmunoprecipitation of ubiquilin in cells cotransfected with GFP-LC3. These results demonstrate ubiquilin binds both the unmodified and lipid-conjugated forms of LC3.
Ubiquilin binds proteins containing K48-and K63-linked ubiquitin chains that are enriched in autophagosomes Because ubiquilin possesses a UBA domain that has been shown to bind different ubiquitin moieties in vitro (7, 8, 19) we asked whether ubiquilin protein in cells binds proteins containing K48-and/or K63-linked ubiquitin chains and whether proteins with these different ubiquitin linkages are contained in autophagosomes. Using antibodies that specifically recognize either K48 or K63 ubiquitin-linked chains (20) , we found that endogenous ubiquilin protein that was immunoprecipitated from HeLa cells contained an abundance of proteins tagged with either K48-or K63-linked chains ( Fig. 2A and C) . To determine whether these chains are present in autophagosomes, we stained HeLa cells transfected with the tandem-tagged GFP-mCherry-LC3 reporter to see whether the chains were localized in autophagosomes. As shown in Figure 2D , autophagosomes identified using the LC3 reporter were found to stain for both K48-and K63-linked ubiquitin chains, suggesting that proteins containing either or both types of linkages are present and degraded by macroautophagy.
Knockdown of ubiquilin expression leads to a reduction in autophagosome number from a presumed failure of maturation of LC3-I to LC3-II Detection of ubiquilin in different organelles of the autophagic pathway could simply be due to the normal clearance of this To distinguish between these and other possibilities, we asked whether the reduction of ubiquilin levels in cells affects autophagosome formation. Accordingly, we counted the number of cells containing five or more autophagosomes (revealed by dual fluorescence of GFP and mCherry from the mCherry-GFP-LC3 reporter) in cells that had been transfected with siRNAs to knockdown ubiquilin 1 and 2 proteins and in cells in which the proteins had not been targeted for silencing (Fig. 3A) . The quantification revealed a dramatic 60% reduction in cells containing five or more autophagosomes after ubiquilin knockdown (Fig. 3B ). Immunoblots confirmed that the siRNAs directed against ubiquilin 1 and 2 proteins were indeed effective in reducing ubiquilin protein levels by over 80% (Fig. 3C ). To examine whether the reduction of ubiquilin proteins affects LC3 levels, we immunoblotted protein lysates from cells for changes in LC3 proteins over a 72 h period of ubiquilin knockdown. Remarkably, ubiquilin knockdown led to a time-dependent decrease in LC3-II levels, which was especially evident at the 48 and 72 h time points, and this was accompanied by a concomitant increase in the immature form of LC3 (Fig. 3D) . The results suggest that ubiquilin knockdown might directly prevent processing and/or conjugation of LC3-I to phosphatidyl ethanolamine to generate LC3-II.
Ubiquilin protein is degraded during macroautophagy
The above studies indicated that ubiquilin is involved in regulating macroautophagy, which is in accord with the conclusions reported by N'Diaye et al. (16) . We next examined whether the ubiquilin protein is consumed during macroautophagy, as this would provide clues about the fate of the protein during the process. Because ubiquilin is normally a very stable protein, we stimulated autophagy by treating cells for different periods of time with puromycin, which causes protein misfolding due to premature chain termination of translation (18) . As expected, puromycin treatment increased macroautophagy as evident by a progressive timedependent increase in the percentage of cells containing five or more ubiquilin-positive autophagosomes (Fig. 4A ). Peak induction was observed at 4 h and by 7 h the numbers began to decline, presumably because autophagosome clearance exceeded the rate of their formation. Interestingly, immunoblots of protein lysates prepared from the cultures revealed that ubiquilin and LC3-II protein levels both declined progressively during the same 7 h period (Fig. 4B) . The immediate decline in LC3 and ubiquilin levels after puromycin treatment suggests that clearance of the proteins is rapid and precedes autophagosome formation. To evaluate whether the loss of LC3-II and ubiquilin proteins arises from consumption of the proteins in macroautophagy, we repeated the experiment, but this time added bafilomycin A1, which acts to block macroautophagy by inhibiting acidification of autolysosomes (21) (22) (23) . As shown in Figure 4C , bafilomycin A1 treatment prevented the time-dependent decline in ubiquilin and LC3-II levels for the 7 h of puromycin treatment. Similar stabilization of ubiquilin and LC3-II proteins was found by inhibiting macroautophagy with 3MA, which inhibits class-III phosphoinositide 3-kinase (PI3K) Vps34 by a totally different molecular mechanism to bafilomycin A1 (24, 25) . This is most clearly evident by examining the proteins levels in cells treated with and without 3MA (Fig. 4D) . The above experiments strongly suggest ubiquilin is not only required, but is actively degraded during macroautophagy.
Ubiquilin is a substrate of CMA
Besides its clear localization with autophagosome markers, we were intrigued by the presence of ubiquilin in puncta that lacked mCherry or GFP fluorescence using the tandem-tagged mCherry-GFP-LC3 autophagosome/autolysosomal reporter ( Fig. 1B , yellow arrows), which we theorized could be secondary lysosomes. To confirm the lysosomal nature of this compartment, we isolated autophagosomes (AV) and different classes of lysosomes from mouse liver and examined them for ubiquilin presence by immunoblotting (Fig. 5 ). Three different lysosome preparations were examined that differed according to their autophagic activities (26, 27) . The differences between these lysosomes were described previously (27) (see also Fig. 5 legend) . The immunoblots showed that our autophagosome and lysosome preparations were heavily enriched for LC3 and LAMP1, respectively, which is consistent with the known enrichment of the proteins in the compartments (Fig. 5 ). Consistent with its localization seen by fluorescence microscopy, we detected ubiquilin immunoreactive bands in our autophagosome preparation using two different anti-ubiquilin-1 antibodies (UM145 and UM125 made to different regions of ubiquilin-1 protein), strongly indicating ubiquilin is indeed involved in macroautophagy in vivo.
Multiple ubiquilin-immunoreactive bands were seen in the blots, the upper two of which we presume correspond to the full length (indicated with an arrow in Fig. 5 ) and a modified form of ubiquilin, whereas the lower band seen mostly with the UM125 antibody is probably a breakdown product. We next examined whether ubiquilin is also present in the lysosomal preparations from mouse liver possessing different autophagic activities. In agreement with our immunofluorescence data, a fraction of ubiquilin was detectable in the two groups of lysosomes that are chiefly involved in macroautophagy (Lys C and CMA2, Fig. 5 ) (27) . However, and interestingly, levels of ubiquilin were higher in the third group of lysosomes involved in CMA+ ( Fig. 5 ) (27) . In contrast to micro-and macroautophagy, both of which involve sequestration and degradation of bulk proteins and organelles, CMA involves the selective transport of individual proteins into lysosomes for degradation. CMA is distinguishable by its strict dependence on hsc70 and LAMP-2A proteins for substrate protein targeting to lysosomes and binding/transport across the lysosomal membrane, respectively (28) . Analysis of the amino acid sequence of human ubiquilin-1 revealed that it contains two pentapeptide sequences (ILKDQ and EVRFQ) both of which conform to the sequence requirements for selective recognition and degradation of cytosolic proteins by CMA (17) .
To directly test whether ubiquilin is a substrate of CMA and to determine whether it is transported into lysosomes independently of macroautophagy, we used an in vitro assay to determine whether the recombinant GST-ubiquilin-1 purified protein is bound to and degraded by isolated lysosomes by CMA (29) . In this assay, candidate substrates are Figure 2 . Ubiquilin, LC3 and polyubiquitinated proteins bind together in a complex. (A) Equal portions of a HeLa cell lysates were used to immunoprecipitate proteins with either an anti-ubiquilin antibody or its pre-immune serum and the resulting precipitates were probed with antibodies to detect different proteins, as indicated. (B) Cultures of HeLa cells were transfected with cDNAs encoding GFP alone, or GFP-LC3, or GFP-LC3 and ubiquilin-1 (+ indicates lanes in which the cDNAs were transfected). GFP proteins were immunoprecipitated from lysates of the cultures and the resulting precipitates were examined for coimmunoprecipitation of ubiquilin by immunoblotting (bottom panel). Also shown are blots of the total lysates probed with different antibodies, as indicated. (C) Duplicate samples of K48 and K63 in vitro assembled ubiquitin chains (2 and + indicate lanes in which the chains were omitted or added, respectively) were immunoblotted with antibodies that specifically recognize K48 or K63 chains, illustrating their specificity. (D) HeLa cells grown on coverslips were transfected with cDNA encoding mCherry-GFP-LC3 and after 24 h the cells were fixed and stained with antibodies to specifically detect either ubiquilin (a-d), or K48-ubiquitin chains (e-h), or K63-ubiquitin chains (i-j). GFP (a, e and i), mCherry (b, f and j) and Cy5.5 (c, g and k) fluorescence images were captured and used to examine whether ubiquilin, K48 or K63 chains colocalized with the mCherry-GFP-LC3 reporter. The right-hand panels are the images produced after merging the three images shown to the left of each of them. Bar, 5 mm.
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Human Molecular Genetics, 2010, Vol. 19, No. 16 incubated with lysosomes in the presence or absence of protease inhibitors in an isosomotic media optimized for CMA. After the assay, lysosomes are recovered and examined for binding and transport of the substrate. In the absence of protease inhibitors, any substrate protein that is recovered in the lysosome pellet usually corresponds to the protein that is bound to the lysosomal membrane, whereas the portion that is transported into the lysosomal lumen is typically degraded. In contrast, in the presence of protease inhibitors, both the transported and membrane-bound substrate is protected from degradation. Uptake is thus calculated by subtracting the substrate remaining in lysosomes in the absence of the inhibitors from that seen after the addition of the protease inhibitors (29) . As shown in Figure 6A , ubiquilin binds to the lysosomal membrane and 10% of the protein added reaches the lysosomal lumen. Internalization of ubiquilin can be competed in a dose-dependent manner with glyceraldehydes-3-phosphate dehydrogenase (Fig. 6B) , a well-characterized CMA substrate, but not with ovalbumin, a protein that does not contain a CMA targeting motif (30, 31) . Moreover, association of ubiquilin with lysosomes was inhibited with antibodies to hsc70 and LAMP2A, two essential components of CMA (Fig. 6C ) (28) , further supporting that ubiquilin is translocated into lysosomes via Human
CMA. These results confirm that ubiquilin is a bonafide CMA substrate and that part of the protein reaches the lysosomal compartment in vivo where it can be degraded.
Overexpression of ubiquilin-1 reduces cell death induced by AD-mutant presenilin-2 protein
Because ubiquilin binds presenilin proteins (2), we next investigated whether modulation of ubiquilin levels affects cell death caused by overexpression of presenilin-2 proteins.
In an elegant study, N'Diaye et al. (16) showed that starvation of HeLa cells induces an increase in cell death due to activation of autophagy and that cell death can be prevented by overexpression of ubiquilin-1. We surmised that ubiquilin function in autophagy might likewise affect presenilin-induced cell death. Previously, we found that overexpression of PS2 harboring the Alzheimer's disease linked N141I mutation in HeLa cells propagates increased cell death compared with the wild-type protein (32) . We therefore examined whether PS2 induction of cell death is affected by starvation and whether PS2-induced cell death is suppressed by overexpression of ubiquilin. In accord with our previous findings, the PS2N(141)I mutant induced an increase in cell death compared with the wild-type protein, and this difference was also evident after 4 h of starvation when cell death was clearly amplified (Fig. 7A and B) . Importantly, overexpression of ubiquilin-1 suppressed induction of cell death caused by overexpression of PS2 in a dose-dependent manner, which was especially evident at 4 h after starvation ( Fig. 7A and B) . Unfortunately, we could not reliably quantify the consequence of ubiquilin silencing because of massive cell loss of ubiquilin-knockdown cells following transfection with the PS2 cDNAs. Instead, we examined how survival of cells stably expressing mutant huntingtin (htt) protein is affected by knockdown of ubiquilin, as described below. 3224
Loss of ubiquilin expression increases cell death in cells expressing GFP-htt-exon-1 protein containing 74 polyglutamines
Loss of ubiquilin expression was studied using a HeLa cell line that stably expresses GFP-htt-exon-1 fragment containing 74 polyglutamine repeats (GFPHtt74Q). In a previous report, we showed that overexpression of ubiquilin-1 reduces oxidative stress-induced cell death, whereas knockdown of the protein enhances cell death (33) . However, the role of ubiquilin in autophagic regulation of starvation-induced cell death was not tested. Accordingly, we measured starvation-induced cell death in the Htt74Q cell line after knockdown of ubiquilin-1 and -2 proteins. As shown in Figure 8A -D, transfection of cells with siRNAs against ubiquilin-1 and -2 almost doubled starvation-induced cell death compared with mocktransfected cells. Immunoblots confirmed that ubiquilin-1 protein was knocked down in the experiments (Fig. 8D) .
Ubiquilin is enriched in autophagosomes that accumulate in dystrophic neurites of brain of presenilin/amyloid precursor protein double transgenic mice
To obtain further evidence in support of ubiquilin involvement in autophagy, we stained mouse brains of presenilin-1/amyloid precursor protein (APP) double transgenic mice for ubiquilin. The PS1/APP mice exhibit abnormal autophagosome and plaque buildup (34,35) providing a powerful system to determine whether the endogenous ubiquilin protein in mouse brain is associated with neuropathology. As shown in Figure 9A and B, we observed strong staining of ubiquilin in brains of 12-month-old PS/APP mice, but not in age-matched nontransgenic mice. The staining was particularly strong around plaques in the PS/APP mice, and examination at higher magnification revealed clear evidence of punctate staining in neurites ( Fig. 9C-F ). Further immunogold localization by electron microscopy indicated that the ubiquilin staining was mainly present in autophagosomes, but not in other organelles, such as mitochondria (Fig. 10A-C) . The results provide convincing evidence that ubiquilin is enriched in autophagosomes in a mouse model of Alzheimer's disease.
DISCUSSION
Macroautophagy is a highly regulated pathway involving multiple proteins that function to sequester cellular proteins and organelles in a double membrane organelle for degradation by lysosomes. Ubiquilin-1 protein was recently reported to regulate macroautophagy (16). Our results described here, conducted in HeLa cells and mice, support this conclusion and provide additional information about ubiquilin's function in macroautophagy. We have demonstrated for the first time that ubiquilin and LC3 bind together in a complex and that the loss of ubiquilin appears to inhibit conversion of LC3-I to LC3-II, the latter of which is important for macroautophagy. We found that ubiquilin is a substrate of CMA and that ubiquilin is degraded during autophagy. Consistent with a role in macroautophagy, we found that ubiquilin is enriched upon purification of autophagosomes from mouse liver and that the protein is localized in autophagosomes of dystrophic neurites in neuropathological lesions of a PS/APP mouse model of AD.
Compelling evidence that ubiquilin is found in autophagosomes is based on multiple criteria, including colocalization of the endogenous and transfected proteins with the autophagosome marker LC3, strong enrichment of ubiquilin during purification of autophagosomes from mouse liver and immunogold localization of ubiquilin in autophagosomes in mouse brain tissue. Furthermore, our results suggest that ubiquilin that is packaged in autophagosomes is eventually degraded in lysosomes, based on its detection during all stages of maturation of autophagosome to lysosome as revealed using the mCherry-GFP-LC3 autophagosome -lysosome reporter, stabilization of ubiquilin degradation by inhibition of Figure 5 . Ubiquilin is enriched in purified autophagosomes and lysosomes active for CMA. Subcellular fractions from mouse liver were isolated as described under material and methods and 100 mg protein of each fraction were subjected to immunoblot analysis for the indicated proteins. Hom, homogenate; Cyt, cytosol; AV, autophagosomes; Lys C, lysosomes; CMA2, lysosomes with low activity for CMA; CMA+, lysosomes active for CMA.
autophagosome maturation with bafilomycin A1 or inhibition of autophagosome formation by inhibition of PI3K with 3MA.
Interestingly, we have also shown here that a portion of intracellular ubiquilin undergoes degradation via a different autophagic pathway, CMA. The presence of two sequences in ubiquilin that match the pentapeptide motif implicated in CMA-also present in ubiquilin-2, 3 and 4 proteins-and the preferential association of ubiquilin in lysosomes active for CMA is in accord with ubiquilin being a substrate of CMA. Furthermore, utilizing an in vitro assay, we have shown that ubiquilin is actively transported and degraded by lysosomes by CMA. The dual degradation of ubiquilin by both macroautophagy and CMA might have important implications in the regulation of these two autophagic processes. For example, we previously showed that blockage of CMA in cultured cells leads to upregulation of macroautophagy suggesting cross-talk between these two forms of autophagy (36) . However, the molecular mediators of this cross-talk remain unknown. We speculate that degradation of ubiquilin by CMA could potentially reduce the total intracellular levels of ubiquilin that is necessary for macroautophagy, and vice versa. Likewise inhibition of ubiquilin degradation by CMA could lead to increased accumulation of ubiquilin to levels sufficient to support macroautophgy. If correct, it will be interesting to discover how ubiquilin is selected for CMA and macroautophgy.
The destruction of ubiquilin during macroautophagy suggests that the protein cannot be recycled after carrying out its function in autophagy. We speculate that this occurs because ubiquilin is either transported or packaged into the lumen of the lysosome where it cannot be retrieved. The consumption of ubiquilin during macroautophagy suggests that strong upregulation of macroautophagy would exhaust ubiquilin supply unless new protein were made. Interestingly, ubiquilin is induced by ER stress (10) , which is closely linked to induction of macroautophagy (37, 38) . 
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Several questions arise as to what role ubiquilin plays in autophagy. A clear indication that ubiquilin is important for autophagy is that knockdown of the protein in cells reduces autophagosome formation. The knockdown studies revealed that the inhibition might occur early on during autophagosome biogenesis by inhibiting maturation of LC3 to LC3-II. The conversion of LC3 to LC3-II involves at least two important steps. The first step is the cleavage of LC3 protein by Atg4 and the second step is the covalent conjugation of the lipid phosphatidylethanolamine (PE) to the C-terminus of the cleaved protein by Atg7 and Atg3 proteins. Our studies do not distinguish whether ubiquilin is required for any of these steps. Unfortunately, this issue was not clarified by any selective binding of the LC3 isoforms with ubiquilin because both LC3-I and -II were found to coimmunoprecipitate with ubiquilin. Coimmunoprecipitation of both isoforms would support the idea that ubiquilin might bind both isoforms equally well and independent of the presence of the PE modification. We, therefore, tested whether purified bacterially expressed ubiquilin and LC3 proteins bind directly to one another via GST-pulldown assays, but could not detect any strong binding between the proteins (data not shown). The results suggest that ubiquilin might bind LC3 indirectly.
Another possible function of ubiquilin might be to bind and transport ubiquitinated proteins to autophagosomes. Ubiquilin contains a UBA domain that is known to bind different ubiquitin moieties with high specificity (7, 8, 19) . By coimmunoprecipitation studies, we found that proteins containing K48-and K63-linked ubiquitin chains bind ubiquilin and that both ubiquilin and the chains are present together in autophagosomes. Based on these observations, we speculate that ubiquilin binds and targets misfolded proteins tagged with K48 and K63 ubiquitin chains for autophagic degradation. This function appears analogous to p62, a protein that contains a UBA that has been shown to bind ubiquitin moieties and target them to autophagosomes (39) (40) (41) . Interestingly, p62, like ubiquilin, has been implicated not only in autophagy, but also in proteasome degradation. The dual role played by proteins in these processes is likely related to the common domains shared by the proteins: they both contain a UBA domain at their C-terminus and a UBL at their N-terminus (a classical UBL domain in ubiquilin and a UBL-related PB1 domain in p62), which has been implicated in binding subunits of the proteasome (3, 6, 8, 40, 42) . Recent reports have shown that ubiquilin functions in ERAD, the pathway by which misfolded proteins are exported from the ER to the cytoplasm for degradation by proteasomes. To our knowledge, we are not aware of any study showing p62 is involved in ERAD. Nevertheless, if the proteins share similar functions then two questions arise. One, how do the proteins choose between autophagy and the proteasome pathways? Is there a signal that directs the proteins to utilize one pathway in preference to the other, or is the choice random? Two, are the two proteins truly redundant in function, or do they carry out independent functions? We do not know the answers to these questions; however, we speculate that p62 and ubiquilin might execute independent functions in autophagy because silencing of ubiquilin expression by itself was sufficient to inhibit autophagosome formation.
Based on its involvement in both ERAD and autophagy it is not surprising that ubiquilin has been found to be cytoprotective against toxic proteins linked to different diseases. In previous studies, we showed that overexpression of ubiquilin-1 prevents oxidative stress-induced cell death caused by overexpression of proteins containing expanded polyalanine or polyglutamine tracts, whereas the loss of its expression exacerbated cell death (33, 43) . Our new findings presented here demonstrate that ubiquilin is cytoprotective against overexpression of mutant PS2141I protein linked to AD. The dual capacity of ubiquilin to function in either autophagy/lysosome or proteasome degradation pathways makes it very difficult to pinpoint whether the protective effect exerted by ubiquilin against the toxic proteins is due to its specific function in one or both pathways. An indication that ubiquilin might be protective in autophagy is that overexpression of the protein reduced PS2-induced cell death under conditions of starvation, which is known to activate the autophagy pathway. Likewise, knockdown of ubiquilin expression increased starvation induced cell death in cells expressing GFP-Htt74Q protein.
The strong detection of endogenous ubiquilin protein in autophagosome-like structures in dystrophic neurites in brain tissue of APP/PS1 transgenic mice, but not in nontransgenic mice, provides valuable new information regarding Human Molecular Genetics, 2010, Vol. 19, No. 16 3227 the involvement of ubiquilin and autophagy in neurodegeneration. The increased staining would support the idea that autophagosome accumulation is abnormally increased during neurodegeneration in APP/PS1 mice (34) . Similar abnormalities in autophagosome accumulation have been detected in the brains of humans afflicted with AD (44, 45) . This might explain why we observed increased staining of ubiquilin in AD brain (2) . Thus anti-ubiquilin staining might serve as a useful diagnostic tool for detecting autophagosomes in AD, similar to mitochondrial DNA and lipoic acid that were found to accumulate within autophagosomes in AD (46, 47) .
MATERIALS AND METHODS
Cell culture and immunofluorescence microscopy
HeLa cells were grown in DMEM medium supplemented with 10% fetal bovine serum. The cultures were treated with puromycin (5 mg/ml final conc., Sigma-Aldrich, St Louis, MO, USA), bafilomycin A1 (200 nM final conc., Sigma-Aldrich) or 3-methyladenine (10 mM final conc, Sigma-Aldrich) in the combinations indicated in the figures for different time periods. For immunofluorescence microscopy, cells were plated on glass coverslips and then transfected with plasmid DNA by the calcium phosphate coprecipitation method (33) . Approximately 20 h after transfection, the cells were then fixed with 4% paraformaldehyde in 1× PBS and were then either first stained with appropriate primary and secondary antibodies or directly mounted on slides and imaged by microscopy as described previously (10) . Cell death assays of the GFP-HttQ74-3 expressing cell line were conducted using the procedure described previously (33) , except that the cells were starved by incubation in PBS for different lengths of time prior to conducting the cell death assays. Silencing of ubiquilin expression was achieved by transfection of siRNAs directed against ubiquilin-1 and ubiquilin-2 following the procedure described previously (33) . Briefly, cells were transfected with 20 nM of ON-TARGETplus SMART pool siRNAs against ubiquilin-1 and -2 (L-041012-01 and L-042279-01) (Dharmacon, Inc., Chicago, IL, USA) using DharmaFECT 1 following the method provided by the manufacturer. Control transfections were performed using ON-TARGETplus non-targeting pool siRNAs (D-001810-10) that were designed to have no known target in HeLa cells. Our immunoblots of cell lysates suggest that two of the four ubiquilin genes found in humans are expressed in HeLa cells, with ubiquilin-1 protein, the smaller and faster migrating, form being more prominent than the slightly larger ubiquilin-2 protein. Ubiquilin-3 is a testis-specific isoform that is not expressed in HeLa cells. Ubiquilin-4 is probably expressed at low levels, if at all, because silencing of ubiquilin-1 and -2 is sufficient to eliminate ubiquilin immunoreactivity (Fig. 3C) . In some of our gels, three bands are sometimes seen, the uppermost of which we believe could be a modified form of ubiquilin-1 or -2 protein. Importantly, in our knockdown experiments, we have been able to One day after transfection, the cells were starved by replacing the culture medium with a 1 X PBS solution (137 mM NaCl, 3.5 mM KCl, 0.9 mM MgCl 2 , 0.9 mM CaCl 2 , 20 mM NaPO 4 , pH 7.5) and at appropriate time intervals, Hoechst 33342 (1 mg/ml) was added and the cultures incubated for another 15 min prior to acquisition of DNA and GFP fluorescent images by microscopy (33) . Cell death was quantified by counting the percent of GFP-expressing cells that displayed bright compacted DNA staining indicative of dying cells.
SDS -PAGE and immunoblotting
The standard protocol for sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting was followed (10 In vitro assay of CMA Transport of purified proteins into isolated lysosomes was analyzed using a previously described in vitro system (27) . Briefly, GST-ubiquilin-1 was incubated with freshly isolated rat liver lysosomes in MOPS buffer (10 mM 3-(N-morpholino) propanesulfonic acid (MOPS) pH 7.3, 0.3 M sucrose) for 20 min at 378C. Where indicated, lysosomes were pre-incubated with a cocktail of proteinase inhibitors for 10 min at 08C. At the end of the incubation, lysosomes were collected by centrifugation, washed with MOPS buffer and subjected to SDS -PAGE and immunoblotted with an antibody specific for ubiquilin. Transport was calculated by subtracting the protein associated with lysosomes in the absence of inhibitors of lysosomal proteases from the amount found in the presence of the inhibitors (29) . Where indicated, blockage of CMA components was attained by pre-incubation of lysosomes with antibodies against LAMP-2A or hsc70 for 15 min at room temperature. The lysosomes decorated with the bound antibodies were recovered by centrifugation and added to the transport assay reaction as described above.
Isolation of autophagosomes and lysosomes from mouse
Autophagic vacuoles were isolated from male C57BL/6 mouse livers by centrifugation in discontinuous density gradients, following an isolation protocol modified from Marzella et al.
(26) as previously described (49) . Briefly, a fraction enriched in autophagic vacuoles and lysosomes was isolated by differential centrifugation of liver homogenates (2000 g for 5 min and 17 000 g for 12 min). Autophagic vacuoles in the 17 000 g pellet were separated from the other components in the fraction by centrifugation at 247 000 g for 3 h in a discontinuous metrizamide gradient (26, 24, 20 and 15% metrizamide). Autophagic vacuoles were collected from the 15 to 20% and 20 to 24% interfaces and lysosomes from the 24 to 26% interface. A fraction enriched in endoplasmic reticulum resealed vesicles (microsomes) was prepared as a pellet by centrifugation of the supernatant of the 17 000 g centrifugation at 100 000 g for 1 h. Fractions were washed in 0.25 M sucrose and collected by centrifugation at 24 000 g for 10 min. Two other lysosomal fractions with different autophagic activity were isolated from mouse liver from a light mitochondriallysosomal fraction in a discontinuous metrizamide density gradient (50) . Lysosomal fractions with different activities for CMA were separated as described (27) . In all cases, preparations with more than 10% broken lysosomes, measured as b-hexosaminidase latency, were discarded.
Immunoelectron microscopy
Mice were perfused intra-cardially with a fixative containing 0.1% glutaraldehyde and 4% paraformaldehyde in 0.1 M sodium cacodylate at pH 7.4. Brains were removed and postfixed at room temperature overnight. Brains were sectioned at 50 mm on a vibratome (Leica, Germany). Sections were washed in PBS and treated with 0.1% sodium borohydride, permeabilized in 0.05% triton and blocked in BSA. Primary antibody was applied overnight at 48C. Sections were washed and further incubated overnight with secondary antibody conjugates to 6 nm gold. Immunolabeled sections were fixed in 2% glutaraldehyde and silver enhanced for 60 min, Figure 10 . Immunogold localization of ubiquilin in dystrophic neurites of brain from a 12-month-old PS/APP mouse using a pre-embedding silver enhancement technique. Ubiquilin immunoreactivity is highly specific to AVs within dystrophic neurites (A -C, arrows) and is absent in other organelles (C, arrowheads). Bar: 500 nm. 
Immunohistochemistry of mouse brain
Twelve month-old PS1/APP mice (51) and their littermate controls were intra-cardially perfused with 4% paraformaldehyde. Following 48 h post-fix, 40 um sections were cut on a vibratome. Sections were incubated in 0.3% hydrogen peroxide diluted in methanol, subsequently in 20% normal goat serum to block non-specific binding. Sections were incubated for 3 days at 48C with anti-ubiquilin (1:500), diluted in TBS/ 0.9% NaCl/ 2% BSA/1% normal goat serum and 0.4% Triton X-100. Sections were incubated in biotinylated anti-mouse for 30 min, in ABC reagent for 1 h (Vector Labs, Burlingame, CA, USA) and visualized with DAB (Vector Labs). In parallel, sections were processed in the absence of primary antibody serum to test specificity of antibody binding. Microscopic analyses were performed using a Zeiss Axioskop II equipped with an AxioCam HRm digital camera (Carl Zeiss, Thornwood, NY, USA).
